Intracellular protein aggregation is characterized by accumulation of misfolded proteins. Chaperones, degradation machineries, and quality-control mechanisms counteract protein aggregation. In this study, we report that the ATPase valosin-containing protein (VCP/p97) acts as a functional disaggregase that disassembles Huntingtin-exon1 aggregates in vitro and in HeLa cells. The N-terminal part of VCP (Cdc48_N domain) interacts with the N-terminal 17-amino acid region of Huntingtin-exon1. We show that VCP has properties of a disaggregase, since it is capable of reducing preformed protein aggregates and displays increased ATPase activity in the presence of protein aggregates. However, VCP shows high divergence/disparity from other disaggregases. Taken together, our studies show the novel function of VCP/p97 as a disaggregase which detangles protein aggregates to probably channelize their degradation.
Quality control mechanisms in protein homeostasis are diverse [1, 2] . These mechanisms act as the checkpoints to maintain both the quality and quantity of cellular proteins [3] . Some quality control processes are recognized as global monitoring systems that take care of most of the proteins. Chaperone-mediated protein folding and post-translational modifications are the global regulators of newly synthesized polypeptides [4, 5] . To overcome the challenges of more specific problems, such as accumulation of unfolded proteins and protein aggregates, cells employ more stringent mechanisms, like unfolded protein response [6] , activation of disaggregase machineries [7] and protein degradation systems (proteasomal pathway and autophagy) [8, 9] . Though the critical balance of these systems are stably maintained inside cells, the activation or repression of some of the processes are observed in aberrant conditions, for example during the expression of mutant-/aggregation-prone proteins [10] . Aggregationprone proteins, when expressed in higher quantity, can escape the initial quality control surveillance. They are accumulated as toxic cellular materials, like inclusion bodies and stress granules [11, 12] . Cells recruit disaggregases and proteases to reduce such aggregates [13] . In the final stage, the degradation complexes, like proteasome, autophagy vacuoles, and lysosomes, eliminate the burden of aggregates. Though many studies have elucidated the different mechanisms of protein quality control, complete depiction of all the key players and their mechanistic activities are yet to reach. Hence, it is essential to explore more studies to find the machineries and mechanisms that can modulate the disease causing protein aggregates. In this study, we have identified the disaggregase activity of valosin-containing protein (VCP/p97) that can detangle the accumulations of toxic proteins, such as Huntingtin-exon1 aggregates.
Protein disaggregases are a part of chaperone system which disintegrates preformed protein aggregates [14] . Many disaggregases have been identified in primates as well as in lower eukaryotic organisms (like in yeast) [14] . Hsp110, Hsp70, and Hsp104 are the highly active cellular disaggregases [7, 15, 16] . Typically, all disaggregases have ATP-hydrolyzing AAA domain and substrate recognition domain(s) [17, 18] . Upon binding to the protein substrates, disaggregases use the energy derived from the AAA-mediated ATP hydrolysis to detangle the aggregates [19] . VCP is a hexameric protein that is known to function in proteasomal degradation pathway of polyubiquitinated proteins [20] . VCP is known to interact with several E3-classes of ubiquitin ligases and/or culin RING ligases to facilitate the process of protein polyubiquitination [21, 22] . The capacity of VCP as an adaptor protein in ubiquitin chain editing is also noted. VCP can bring the ubiquitin chain length-regulating proteins, like E4B/Ufd2, to the catalytic complex and modulate the lengthening of polyubiquitin chain [23] . VCP can also help in shuttling the polyubiquitinated proteins to proteasome by active involvement of other UBA domain-containing proteins, like Rad23 [24] . However, VCP's most important function at proteasomal machinery is to unfold the substrate proteins for their proper delivery to the proteasomal core channel [25] . VCP can remodel proteins to act as a part of segregation systems [26] . In such a process, VCP removes the potential proteins from complex cellular regions (membranes and endoplasmic reticulum) [27, 28] . Several other factors, including Ufd1, Npl4, help VCP in performing its protein remodeling and recovery functions [29] . VCP also helps in degradation of the remodeled proteins [30] . In general, VCP modulate different essential cellular pathways, like endoplasmic reticulum-associated degradation (ERAD), ER stress response and proteasomal degradation [24] . Recently, an autophagy specific function is also imparted to VCP [31] . VCP missense mutation harboring patients of Paget's disease of bone and frontotemporal dementia (IBMPFD) show aberrant formation of autophagosome. This can be an effect of VCP's malfunctioning in protein sorting for endocytic vesicles [32] .
Altered form, expression, and functions of VCP are observed in several diseases. Pathogenic mutations in VCP cause disorders, like IBMPFD [31] , Parkinsonism [33] , and degenerative disorders [34] . While some of the VCP mutations are associated with its differential ATPase activity [35] , others affect its association with cofactors [36] . The clearance of polyglutamineexpanded mutant Huntingtin protein is impeded in cells that contain missense p97 mutations [37] . VCP is also sequestered by polyglutamine-containing proteins [38] . Association of VCP with mutant Huntingtin at mitochondria causes perturbation in mitophagy and increased cell death [39] . These observations raise a significant question of VCP's role in monitoring Huntingtin aggregation in Huntington's disease (HD). Thus, it is intriguing to understand the mechanism by which VCP regulates the Huntingtin aggregates in pathological conditions. Such studies will divulge more means to clinically control the disease phenotypes.
Our study characterizes the disaggregase function of VCP that can be exploited to disintegrate toxic protein aggregates, like polyglutamine-expanded Huntigntinexon1 aggregates. The N-terminal region of VCP acts as the Huntingtin-exon1 recognition region and the AAA domain perform the detangling function by using ATP hydrolysis-generated energy. VCP is a noncanonical disaggregase owing to its very low sequence similarity with other known disaggregases. Disaggregase activity appears as a secondary function of VCP and it is probably linked to VCP's primary activity of protein segregation/unfolding/delivery to degradation systems.
Methods
Each experiment was conducted for minimum three times.
Cloning
The 3XFLAG-VCP and Htt97Qexon1-GFP/Htt25Qex-on1GFP constructs were kindly gifted by H. Lou and R. R. Kopito. The ORF of VCP corresponded to mouse VCP/ p97 (NCBI accession number: Q01853.4) that is fully identical to human VCP (NCBI accession number: P55072.4). Full length VCP and its different domains (N-terminal 35-191 region, Cdc48_N, Cdc48-2, and AAA) were recloned in bacterial expression vector pET21b(+) and mammalian cell-line expression vectors p3XFLAG-CMV10 and mCherry-pcDNA3.1(+). Huntingtin97Qexon1 and N-terminal 17-amino acid region of Huntingtin-exon1 were recloned in pET21b(+) vector. Luciferase (Luc2) and GFP ORFs were obtained by PCR amplification of Luc2 gene from pmirGLO and EGFP gene of pEGFPN1 vectors respectively. Cloning procedure involved conventional processes, like PCR amplification of concerned genes/ORFs, restriction digestion of PCR products/vectors by specific restriction enzymes, and ligation of PCR products with their respective vectors. Ligated PCR products were transformed in ultracompetent DH5a strain of Escherichia coli, followed by selection of positive clones by colony PCR. All clones were sequenced at Research Support Service Group of CDFD. Details of all primer sets, vector-specific restriction sites are provided in Table S1 .
Protein expression and purification
Recombinant proteins were expressed in BL21DE3 strain of E. coli. Individual clones were transformed in this strain and protein production was induced by IPTG (1 mM final concentration in cultures). Proteins were expressed by T7-based expression system as described earlier by us [40, 41] . In brief, protein-expressing cells were lyzed (in lysis buffer: 50 mM Tris-Cl, 300 mM NaCl, 10 mM Imidazole, 1 mM PMSF) by sonication, followed by purification of proteins by Ni +2 ion affinity column chromatography (Wash buffer:
50 mM Tris-Cl, 300 mM NaCl, 40 mM Imidazole; Elution buffer: 50 mM Tris-Cl, 300 mM NaCl, 300 mM Imidazole). Purified proteins were dialyzed in different buffers depending on the experimental requirements. Proteins were concentrated in centrifugal filter units. In all assays > 95% pure proteins were used (representative SDS/PAGE gel images of different purified recombinant proteins are given in Fig. S1 ). 
Isothermal titration calorimetry

Cell culture
HeLa cells were procured from National Centre for Cell Sciences (NCCS, India). Cells were cultured in DMEM that contained 10% FBS, 2 mM l-glutamine, and penicillinstreptomycin solution. Culturing condition was maintained by keeping the cells at 37°C and 5% CO 2 in humified incubator. Transfection of various clones in cells was done by Lipofectamine2000 using manufacturer's instructions. p97-specific shRNA was transfected in the HeLa cells with Lipofectamine3000.
Confocal fluorescence microscopy
Confocal laser scanning fluorescence microscopy was used for imaging of intracellular VCP or VCP-domains and Htt97Qexon1. After cells were grown in cell culture chambers, they were washed with PBS (phosphate buffer saline, pH -7.4) followed by fixation in 4% paraformaldehyde (pH -7.4). GFP and mCherry-tagged proteins were directly visualized under microscope. In immunostaining of FLAGtagged proteins, cells were permeabilized using 0.2% Triton X-100 followed by washing with PBS. Cells were sequentially treated with anti-FLAG primary antibody (monoclonal anti-FLAG M2 antibody produced in mouse, SIGMA F3165; dilution -1 : 500] and TRITC-conjugated secondary antibody [anti-mouse IgG whole molecule TRITC produced in goat, dilution -1 : 400; SIGMA T5393). Images were collected in LSM 700-META confocal microscope using 63X Plan-Apo oil immersion/DIC objectives. Live-cell imaging was done in Nikon live-cell imaging system for cells coexpressing Htt97Qexon1-GFP and VCP/ VCP's regions. Image processing was done in ZEN-LITE software.
The quantification of Htt97Qexon1-GFP aggregates in the presence or absence of VCP or its regions was done by fluorescence imaging in confocal microscope. The Htt97Qexon1-GFP aggregates in VCP/mutant-expressing cells were manually counted before analyzing the effect of VCP or its mutants in disaggregating the aggregates.
Luciferase reactivation assay
Firefly Luc2 protein (50 lM) was allowed to undergo aggregation by initially keeping the protein in denaturation buffer [20 mM Tris-Cl (pH -8), 50 mM NaCl, 10 mM MgCl 2 , 10 mM DTT, and 6 M urea], followed by rapidly diluting the urea (1000-fold dilution) of denaturation buffer with buffer-A [20 mM Tris-Cl (pH -8), 50 mM NaCl, 10 mM MgCl 2 , 10 mM DTT]. This method was known to induce aggregation of luciferase protein [42] . The luciferase reactivation assay was conducted by incubating 75 nM luciferase with 3 mM ATP, 1 mM creatine phosphate, 0.25 lM creatine kinase (Roche applied sciences, Penzberg, Germany), and 1 lM purified VCP or its different domains. Reaction mixtures were incubated at 37°C for 120 min. Luciferase assay system of Promega Inc. (Madison, WI, USA) was used in all assays. Luminescence readings were taken in Perkin Elmer LS-55 luminescence spectrometer (Perkin Elmer, Waltham, MA, USA).
ATPase assay
In ATPase assay, purified VCP or its different domains (1 lM) were kept in assay buffer [25 mM HEPES (pH -7.4), 50 mM NaCl, 10 mM MgCl 2 ] with or without 10 lM Htt97Qexon1-GFP or GFP. Assays were performed at 25°C for 60 min with 1 mM ATP in the final reaction. ATPase activities of proteins were determined by malachite green inorganic phosphate detection kit (Malachite Green Phosphate Assay Kit, SIGMA MAK307, St. Louis, MO, USA) that used colorimetric assays to measure the released inorganic phosphates.
In vitro GFP fluorescence intensity measurement
In vitro GFP fluorescence intensity measurement assays were conducted to measure the effect of p97 upon Htt25Qexon1-GFP and disaggregation of Htt97Qexon1-GFP. In this assay, 1 lM of p97 was added to 10 lM of Htt25Qexon1-GFP or Htt97Qexon1-GFP or BSA. Assays were done in varying conditions that contained or lacked 1 mM ATP. Reaction condition was maintained at 25°C for 700 s. Recording of GFP fluorescence was done in Varioskan Flash multimodal reader (ThermoScientific, Waltham, MA, USA) with following parameters: fluorescence readings of GFP (k ex = 488 nm, k em = 509 nm, band width for excitation wavelength = 12 nm, measurement time of 100 ms, shaker speed of 60spm).
Immunoprecipitation and Immunoblotting
Immunoprecipitation of VCP was done by anti-VCP antibody (anti-VCP antibody produced in rabbit, SIGMA HPA012814) using Pierce crosslink magnetic IP/co-IP kit (Thermofischer Scientific, Cat. No. 88805) following protocol given by the manufacturer.
In immunoblotting, cells were lyzed in lysis buffer [150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-Cl (pH -8), protease inhibitor cocktail]. Lysis of cells was done at 4°C by repeated mixing. Protein concentrations in lysates were measured by Bradford assays. About 40-60 lg of total cell lysate protein was separated in 12% denaturing SDS/PAGE followed by its transfer onto PVDF membrane. Following primary and secondary antibodies were used for immunoblotting: primary antibodies -anti-VCP antibody produced in rabbit (dilution -1 : 4000; SIGMA HPA012814), anti-polyglutamine antibody produced in mouse -3B5H10 (dilution -1 : 2500; SIGMA P1874), anti-b Tubulin monoclonal antibody produced in mouse (dilution -1 : 3000; SIGMA T8328); secondary antibodies -anti-mouse IgG-peroxidase antibody produced in rabbit (dilution -1 : 5000; SIGMA A9044), anti-rabbit IgG-peroxidase antibody produced in goat (dilution -1 : 5000; SIGMA A0545).
Phylogenetic analysis
Sequences of VCP and other disaggregases were curated from NCBI database. Sequences were aligned by MUSCLE program [43] and alignment files were saved in phylip format (.phy). Alignment quality was checked in GUIDANCE program [44] . Phylogenetic analysis of sequences was done in Phylip-3.695 package. The analysis was done by sequentially using the Seqboot, Protdist, Neighbor, and Consense programs. Output files (outfile) of each program was used as input file of the next program. The phylogenetic tree was generated in Treeview. The pairwise distance index and disparity index of protein sequences were generated in MEGA 6.0 software [45] .
Protein-protein interaction network
Valosin-containing protein-interacting proteins were identified from different databases, like STRING [46] , MINT [47] , and BIOGRID [48] . Protein-protein interaction network was constructed in Cytoscape [49] . Gene ontology analysis was done in Genecodis [50] .
Structure analysis
Valosin-containing protein and Hsp110 structures were obtained from protein data bank [PDB entries for human VCP and Hsp110 were 3CF3 [51] and 5D4W [17] respectively]. Structures were visualized in PYMOL [52] .
Statistical analysis
Statistical analysis for the level of significance was done by paired t-test.
Results
VCP/p97 interacts with the N-terminal region of Huntingtin-exon1 through its Cdc48_N domain
The diverse functions of AAA type ATPase VCP/p97 in proteostasis was always an enthusiastic field of study. With the recent findings of VCP's roles in maintaining protein turnover flux in various diseases and disorders, it had become increasingly interesting to explore more on how VCP spatiotemporally modulated different pathogenic proteins. Knowing the fact that VCP could perform remodeling/segregation function in protein complexes, it was a relevant question to ask if VCP had similar abilities in sorting protein aggregates, like Huntingtin aggregates. VCP/p97 protein was previously known to associate with polyglutamine-expanded (mutant) Huntingtin aggregates [53] . In our previous study, we had also shown that VCP was an interacting partner of aggregationprone Huntingtin-exon1 protein [54] . Though this interaction was reported, the interaction-mediating motifs/domains in VCP and Huntingtin-exon1 were not known. Therefore, we started our study to identify the region(s) in VCP that were essential for Huntingtin-exon1 recognition. We made different deletion mutants of VCP and traced their potential to coassociate with polyglutamine-expanded Huntingtin-exon1 (Htt97Qexon1; Fig. 1A ). The specific regions in VCP, termed Cdc48_N domain, Cdc48-2 domain, and AAA domain, were tested for their abilities to interact with Htt97Qexon1. The N-terminal 35-191 residue region contained both Cdc48_N and Cdc48-2 domains. We found VCP as a true interacting partner of Htt97Qex-on1 in immunoprecipitation/immunoblotting (IP/IB) experiments. When VCP was enriched (by VCP specific antibody) from Htt97Qexon1-expressing HeLa cells, it was observed that Htt97Qexon1 was also pulled down with VCP, signifying VCP as a binding partner of Htt97Qexon1 (Fig. 1B) . Unlike many proteins which could nonspecifically coaggregate with Htt97 Qexon1 due to the sticky nature of aggregates, VCP interaction with soluble/aggregated Htt97Qexon1 was specific. VCP had two major functional regions -Nterminal region and AAA domain. The former region was subdivided into two distinct regions named Cdc48_N and Cdc48-2. We tested which of these two regions in the N-terminus of VCP had capability to interact with Htt97Qexon1. The N-terminal region, through its Cdc48_N domain, was observed to be essential and sufficient for mediating the interaction with Huntingtin-exon1 (Fig. 1C,D] . Analysis of coassociation of Htt97Qexon1-GFP aggregates and VCP/ p97 regions was done by counting the cells (in fluorescence microscope) that had Htt97Qexon1 and VCP coexpression and coassociation. VCP and its N-terminal region/Cdc48_N coassociated with Htt97Qexon1 and they formed typical rim-like deposition around Htt97Qexon1 aggregates (Fig. 1C) . Such rim-like association was previously known for different Huntingtin regulatory autophagy proteins (like p62) [55] and cellular chaperones (like Hsp70) [56] . Both VCP and its Nterminal region/Cdc48_N domain showed high affinity toward the N-terminal 17-amino acid region of Huntingtin-exon1 (Fig. 1E) . Since the N-terminus of Htt97Qexon1 was hydrophobic in nature and the Cdc48_N region also showed extended patches of hydrophobic residues, we believed that the VCP association with Htt97Qexon1 resulted due to hydrophobic interactions. Binding of VCP's Cdc48_N domain with the N-terminal region of Huntingtin-exon1 was in-line with the previously annotated function of Cdc48_N as substrate-binding region [57] . Because the VCP interaction with Htt97Qexon1 was confined in the N-terminus of Huntingtin-exon1, we expected that VCP could also interact with wild-type/nonaggregating Huntingtinexon1 (Htt25Qexon1). Indeed, we found that VCP was capable of interacting with native Huntingtin-exon1 (data not shown). VCP's interaction with Htt97Qex-on1 had physiological and functional consequences in terms of reducing aggregates of Htt97Qexon1 (Fig. 1F) . However, individual domains of VCP failed to induce this effect. Quantification of Htt97Qexon1-GFP aggregates were done in HeLa cells in which VCP or its different regions were ectopically coexpressed with Htt97Qexon1-GFP. Numerical counts of Htt97Qexon1-GFP aggregates were done in fluorescence microscope 60 hours post-transfection.
VCP/p97 is a disaggregase and it disintegrates Huntingtin-exon1 aggregates
We next studied to find the possible mechanism that was employed by VCP to reduce Huntingtin-exon1 aggregates. We confirmed VCP's ability to reduce Htt97Qexon1 aggregates in HeLa cells. In cells, Huntingtin was known to form dense amorphous aggregates [54] that were detergent resistant in SDS/PAGE. Ectopically induced higher expression of VCP significantly reduced the content of large-/SDS-resistant insoluble aggregates of Htt97Qexon1 ( Fig. 2A,B) . Ectopic expression of VCP led to dissolution of higher oligomeric Htt97Qexon1 in HeLa cells and resulted in the increased accumulation of Htt97Qexon1 monomer. Upon coaccumulation with Htt97Qexon1 aggregates, VCP caused temporal decompaction and disintegration of Htt97Qexon1 aggregates (Fig. 2C,D) . When VCP was downregulated by VCP specific shRNA, Huntingitn-exon1 aggregation was higher than the normal level (Fig. 2D) . It was interesting to note that high deposition of VCP caused complete dissolution of Htt97Qexon1 aggregates. However, Htt97Qexon1 aggregates behaved differently in the normal/endogenous expression level of VCP. In this condition and in Cdc48_N/AAA overexpressing conditions, Htt97Qex-on1 aggregates did not dissolve and continued to grow into larger aggregates (Fig. 2E) . Like before, Htt97Qexon1-GFP aggregate size and counts were temporally monitored in live-cell imaging/fluorescence microscopy.
Since VCP showed the capacity to gradually dissolve preformed Htt97Qexon1 aggregates in HeLa cells, we speculated that VCP had intrinsic disaggregase-like functional property. We tested VCP's disaggregase activity by various conventional in vitro experiments. Full-length VCP was able to resolve the heat-induced firefly luciferase aggregates, thereby restoring the catalytic activity of this enzyme (Fig. 3A) . However, the individual regions of VCP (Cdc48_N, Cdc48-2, and AAA domains) could not show significant disaggregase activity. VCP had a well characterized AAA and we believed that this domain was responsible for showing ATP hydrolysis-coupled disaggregase activity. We checked the in vitro ATP hydrolysis ability of VCP and its AAA domain in the presence or absence of disintegrable substrate (Htt97Qexon1 aggregates). VCP and its AAA domain showed high level of ATPase activity in the presence of Htt97Qexon1 aggregates (Fig. 3B) . However, the ATPase activities of both VCP and its AAA domain were much lower in the absence of Htt97Qexon1 aggregates or in the presence of nondisaggregasable substrates (GFP; Fig. 3B ). (*Htt97Qexon1 aggregate reduction -p97 endogenous/p97 overexpression: paired t-test, n: 6, df: 4, P < 0.005; Htt97Qexon1 monomer increase: p97 endogenous/p97 overexpression: paired t-test, n: 6, df: 4, P < 0.0064). (C) Confocal microscopy images representing temporal dissolution of Htt97Qexon1-GFP aggregates caused by coassociated p97. (D) Htt97Qexon1 aggregates continuously grew to larger aggregates in the absence of ectopic p97 or during overexpression of p97 domains: Cdc48_N and AAA. (*growth of Htt97Qexon1 aggregates in the absence of p97 -12 h/30 h: paired t-test, n: 6, df: 4, P < 0.01). (E) In HeLa cells, p97 reduced the formation of Htt97Qexon-GFP aggregates (*disaggregase activity -Htt97Qexon1/Htt97Qexon1+p97: paired t-test, n: 6, df: 4, P < 0.0001).
Dissolution of Htt97Qexon1-GFP aggregates by VCP caused temporal loss of fluorescence intensity of Htt97Qexon1-GFP. VCP, in the presence of ATP, showed faster disaggregation of Htt97Qexon1-GFP aggregates than the condition which lacked ATP (Fig. 3C) . VCP had no effect in changing the fluorescent intensity of wild-type Htt25Qexon1-GFP, both in the presence or absence of ATP. Since Htt25Qexon1-GFP did not aggregate, VCP could not show any disaggregase activity against Htt25Qexon1-GFP. These results indicated that VCP had a disaggregase activity which could detangle intra-or extracellular aggregates of Htt97Qexon1.
VCP/p97 is a noncanonical disaggregase
Having found the disaggregase activity of VCP, we tried to classify its category by comparing it with other disaggregases. VCP appeared to be a unique disaggregase showing the highest similarity with chloroplastidresiding signal recognition particle 43 (cp-SRP43; Fig. 4A ). VCP showed very less sequence conservation with other disaggregases. This was represented by very high pairwise distance index (Fig. 4B ) and disparity index (Fig. 4B ) of VCP with known disaggregases. Though cp-SRP43 was the closest protein to resemble VCP in terms of sequence similarity, yet it appeared as remote functional homolog. Even though VCP had less sequence conservation with other disaggregases, it had high structural conservation of motifs and folds in its AAA domain. VCP's AAA domain was structurally alike with the AAA domains of other disaggregases, like Hsp110 (Fig. 4C) . However, the substrate recognition domains of VCP (N-terminal region) and Hsp110 showed high variability in respect to structural conservation.
Since VCP was associated with disaggregation of complex Htt97Qexon1 aggregates, we tried to find if there was any immediate downstream process which could be linked to VCP's disaggregase activity. We curated the VCP-interacting proteins from different databases and constructed VCP's protein-protein interaction network (PPIN). The network showed four clusters (Fig. 5A) . Among all the VCP-interacting Fig. 3 . p97 is a ATP-dependent disaggregase. (A) Luciferase reactivation assays in the presence of p97 and its domains. Fulllength p97, but not its domains could show significant disaggregase activity against aggregated Luciferase (*reactivation of luciferaseluciferase/luciferase+p97: paired t-test, n: 6, df: 4, P < 0.001). (B) ATPase assays for p97 and its different domains. p97 and its AAA domain showed significantly high level of ATPase activity in the presence of Htt97Qexon1 aggregates, but not for GFP (*ATPase activity -Htt97Qexon1/Htt97Qexon1+p97: paired t-test, n: 6, df: 4, P < 0.0001; Htt97Qexon1/Htt97Qexon1+p97-AAA: paired t-test, n: 6, df: 4, P < 0.005; p97/p97+Htt97Qexon1: paired t-test, n: 6, df: 4, P < 0.0001; p97-AAA/p97-AAA+Htt97Qexon1: paired t-test, n: 6, df: 4, P < 0.005). (C, Left panel) In vitro, p97 fastened the disaggregation of Htt97Qexon1-GFP in the presence of ATP. In p97+ATP condition, disassembly of aggregates was faster and it was represented by rapid loss of GFP fluorescence intensity. (Right panel) In case of nonaggregating Htt25Qexon1-GFP, p97 had no effect in temporally changing the fluorescence of Htt25Qexon1-GFP.
proteins, a large number was grouped into two clusters -ubiquitin-mediated protein degradation pathway and endoplasmic reticulum (ER)-associated misfolded protein response. The gene ontology (GO) analysis of VCP and its interacting partners showed proteolysis, protein ubiquitination, and proteasomal degradation as major biological processes (Fig. 5B) . The major molecular function appeared to be protein binding (Fig. 5C ). This PPIN study gave a hint that protein ubiquitination could be a phenomenon associated with VCP's disaggregase activity. Higher polyubiquitination of VCP associated Htt97Qexon1 could probably result due to disaggregase activity of VCP, leading to Htt97Qexon1 aggregate clearance.
Discussion
Huntingtin aggregates are severely lethal [58] which can lead to apoptotic death of neuron cells [59] in neurodegenerative disorders [60] . Unrestricted aggregation of Huntingtin is controlled inside the cells by various mechanisms. Different disaggregases constitute the part of machineries that are reported to reduce the load of protein aggregates inside cell [61] . In this study, we have characterized the novel disaggregase function of AAA+ type protein VCP/p97. We have also elucidated the effective function of VCP in detangling Huntingtin-exon1 aggregates.
While previous studies have showed that VCP can interact with Huntingtin aggregates [53, 54] , it is not clear which segment of VCP mediates this association. Our study shows that the N-terminal region in VCP enables this interaction. The N-terminal region, specifically the Cdc48_N domain, associates with the Nterminal 17-amino acid region of Huntingtin-exon1. Since both the Cdc48_N domain of VCP and the Nterminal region of Huntingtin-exon1 are hydrophobic in nature, we believe that the interaction between VCP and Huntingtin is primarily caused by hydrophobic tethering. However, it remains to be determined which residues in VCP are essential and critical for the interaction. Cdc48_N domain is known to form adaptor region for multisubunit complexes [62] . Since VCP also assembles in heteromultimeric structures, we believe that the Cdc48_N region takes part in the substrate recognition and the Cdc48-2 region is involved in interacting with other proteins to maintain the complex association. The solved structure of Cdc48_N shows double-psi beta-barrel that is reported to be compatible to bind various substrates [57] . On the contrary, the Cdc48-2 domain has more complex structure. Cdc48-2 has six-stranded beta-clam folds [57] , helping it to scaffold other proteins.
Valosin containing protein is known to be a key player in protein's quality control process [63] . While many studies imparted the chaperone function to VCP [64] , the effect of VCP in segregating heterogeneous substrates and unfolding different proteins are unarguably true [65] . The ATPase activity of the AAA domain of VCP is necessary for such functions [66] . Though VCP's positive effect in reducing protein aggregates are reported in previous studies [67] , the mechanism of action is still unknown. We, hereby, show that this effect is a result of the disaggregase activity of VCP. VCP has intrinsic properties similar to disaggregases. Such features include binding with protein aggregates, high ATPase activity in the presence of protein aggregates, and detangling the protein aggregates. The disaggregase activity is the cumulative effect that results from substrate binding and subsequent ATP hydrolysis-associated release of the monomers from aggregates. While the N-terminal region in VCP leads to the substrate recognition, the AAA domain performs the ATPase activity. These two domains functionally complement each other as observed by the inability of individual domains of VCP to enhance the disaggregase activity against mutant Huntingtin-exon1.
Valosin containing protein is a part of processing systems that regulates polyubiquitination of proteins during their proteasomal degradation [30] . Proteins usually undergo unfolding before polyubiquitination and VCP is known to be directly involved in this unfolding process. However, unfolding of proteins in dense/amorphous aggregates is difficult. We speculate that the unfolding activity of VCP is coupled with its disaggregase activity. VCP disaggregates the monomers from aggregates, followed by unfolding the monomers. The energy derived from ATP hydrolysis is probably required for both the steps. VCP-mediated disaggregated Huntingtin-exon1 can be more prone to polyubiquitination. Hence, they might have higher tendency to be degraded by proteasomal pathway. So, it appears that the disaggregase activity of VCP is closely linked with its other functions, like remodeling, unfolding, and helping proteasomal degradation of proteins.
Valosin-containing protein is a noncanonical disaggregase. The disaggregase function is likely to be the moonlighting activity of VCP. It has very less sequence similarity with other disaggregases. However, its structural motifs in AAA domain show conservation with the structures of known disaggregases, like Hsp110. The sequence dissimilarity may have resulted due to the fact that VCP has to perform many other functions, like scaffolding activity, signal transduction, and protein unfolding etc. Given the fact that VCP remains in multisubunit complexes, it is highly probable that VCP switches its functions depending upon the presence of other interacting moieties. Other than Huntingtin-exon1 aggregates, we tested VCP's disaggregase activity against the aggregates of amyloid-beta 42 (Ab-42) peptides. We found similar disaggregase activity of VCP in dissolving Ab-42 aggregates. Therefore, the disaggregase property of VCP is not exclusive against Htt97Qexon1, but it can also show disaggregase function against other protein aggregates (both in vitro and in HeLa cells). Hence, we believe that the disaggregase function of VCP is one of its general functions that can be nonspecifically directed toward any toxic protein aggregates in different physiological conditions. The rationale of choosing Htt97Qexon1 aggregates in this study is that it forms very well characterized and distinguishable intracellular aggregates that can be also be traced easily both in vitro and in cells. Effect of VCP or its regions can be easily traceable for Htt97Qexon1 aggregates. Since VCP protein is conserved across different organisms (like from unicellular yeast to primates) and ubiquitously expressed in all tissues of human, it can be stated that VCP performs indispensible functions inside cells. Disaggregase activity can be obviously recognized as one of its function in maintaining protein homeostasis.
In summary, we describe that VCP has potentially strong disaggregase activity that is used to dissociate monomers from complex protein aggregates, such as polyglutamine-expanded Huntingtin-exon1 aggregates, leading to their intracellular clearance.
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